Flywheel energy storage system seems to be especially well suited to hybrid powertrain, which allows regenerative braking and power augmentation during acceleration in automotive vehicles. This article presents a novel electrical flywheel hybrid system through the analysis of the dynamic response of energy recovery process and the transmission characteristics of flywheel energy storage system. The power transmission process and energy flow of the vehicle with flywheel energy storage system were elaborated during braking. Energy recovery performance evaluation indexes were put forward, and the energy conversion characteristic test was conducted by experimental rig. The experimental result shows that the use of low-power motor speed control for gear ring can reduce the degree of jerk of transmission powertrain during energy recovery process and improve the energy recovery rate, and the net energy recovery rate tends to a stable value of 33%. The research extracts some features for flywheel energy storage control system and provides a theoretical basis for the further vehicular applications research.
Under urban road operations, about 30%-50% of the energy is dissipated by conversion to the frictional heat energy during the vehicle braking process; highefficiency energy storage unit and advanced regenerative braking technology are important to improve the fuel economy of vehicle. [1] [2] [3] Hybrid powertrains equipped with a secondary power source can improve the fuel economy significantly, and several competitive methods of energy storage devices (ESD) involve advanced batteries, ultracapacitors, and hydropneumatics used in hybrid vehicles. 4, 5 Christen and Carlen 6 initially indicated the suitability of ESD, which showed that the specific energy and specific power can be achieved through different energy storage technologies. Stewart et al. 7 pointed that lithium-ion and supercapacitors can be applied to hybrid electric vehicle after optimization, where a discharge time had been assumed as 10 s. Ceraolo et al. 8 stated that the charging power limitation of lithium-ion batteries occurs when the current is limited to avoid damage, and the specific power was only 16% of that achieved for discharging under the same period. Thackeray et al. 9 considered that the specific energy in the region of 15-30 kJ/kg of those ESD can be very suitable for the hybrid vehicle application. Zhang et al. 10 systematically presented the key technologies and the evaluation methods of regenerative braking energy recovery system for electric vehicle, but did not involve other ESDs except the advanced battery. Flywheel has the characteristics of high energy density, high power density, and long life cycle, with the high-strength fiber materials and advanced electronic technology making its practical application a reality. 3, 11 Flywheel can be also used as secondary energy storage for hybrid vehicles to effectively assist the hybrid powertrain with meeting the significant peak power requirements. During acceleration and hill climbing in a typical urban driving cycle, flywheels can supply relatively high power levels required for relatively short durations. While regenerative braking occurs, high power levels can be absorbed by the flywheel energy storage system (FESS) at efficiencies far superior to those attainable by advanced batteries alone. [12] [13] [14] [15] Kuo and Hsieh 16 pointed out that the FESS can efficiently reduce the output peak power and the load intensity of the electric vehicle motor; the regeneration energy efficiency is higher than the lithium-ion battery, and the comprehensive energy consumption is reduced to 22.7%. Van Berkel et al. 17, 18 designed a flywheel transmission system equipped with continuously variable transmission (CVT) and effectively improved the specific fuel consumption by some certified driving cycle simulation with control algorithms.
However, many researches on the FESS mainly focused on the flywheel rotor, bearing support systems, and applications in power system or aerospace system, but little in vehicular application. This work first proposed a new type of electrical flywheel hybrid system for vehicular applications, and then the structure and transmission characteristics of the electrical flywheel hybrid system (EFHS) are recounted concisely. In order to effectively analyze and study the energy recovery characteristics of the FESS, some evaluation indexes such as energy release rate and energy absorption are determined. Finally, experiments are performed on EFHS mounted on a test rig to validate the energy conversion efficiency.
The transmission characteristic analysis on FESS
The typical structure forms of flywheel hybrid system
The Oak Ridge National Laboratory (ORNL) proposed FESS for hybrid vehicles that can be implemented with either an electrical or a mechanical powertrain, and a comparison of two powertrain systems is shown in Figure 1 . 12 Energy conversion mode is the difference between these two styles; the electrical powertrain needs to convert the energy from mechanical to electrical and then back to mechanical. A motor/generator should be attached to the flywheel and an additional motor/generator which is mechanically attached to the transmission system of the vehicle. The energy flow from and to flywheel is in the form of electrical energy for the hybrid electric system. For the mechanical powertrain, the energy flow is in the form of mechanical energy, and in this case, the flywheel is coupled with the drive wheels via a CVT. Finally, a combination of the hybrid electric and mechanical systems is possible for hybrid vehicle.
The mechanical powertrain offers many attractive features as it is simple, compactable, and relatively lightweight. It does not require motors, generators, and other power electronic systems. However, at the stage of development of the mechanical powertrain, it does have technical questions related to rotating vacuum seal technology, efficiency, and reliability. Its inherent advantage is that the form of the energy is always mechanical, and there is no energy loss associated with energy conversion from mechanical to electrical (possibly also to chemical and back to electrical for batteries) and finally back to mechanical. Therefore, compared to the hybrid electrical powertrain, the round trip efficiency of mechanical flywheel hybrid powertrain has the potential to be higher during the regenerative braking; however, it is limited to the expensive and complex CVT systems.
This article presents a new type of electrical flywheel hybrid system that regulates the gear ring of planetary gear set (PGS) with speed-regulating motor, as shown in Figure 2 . FESS is connected in parallel with automobile conventional powertrain system (electrical drive system or mechanical transmission system). The energy is mainly transferred in the form of mechanical, only a small part of the energy is through the power transmission system (flywheel control motor, drive motor and controller, etc.), so the requirements of power transmission system capacity are greatly reduced. Using the mechatronic control system, the low-power speed-regulating motor can flexibly regulate the flywheel angular speed. In addition, the independent motor drive power separated from the mechanical transmission can make energy and power management more effective and more flexible in the complete system. Compared to the complex and expensive CVT system, the proposed electrical flywheel hybrid system not only has the simple structure and low cost but also is more in line with China's current status of industrial development.
In this case, the energy storage flywheel is connected with sun gear of PGS by the clutch 1 and the speedregulating motor is connected with gear ring of PGS; therefore, the FESS realizes energy recovery and output by making use of the torque and speed mix control and by controlling the connection and disconnection of the clutch 2.
Main operation mode of FESS is as follows:
1. Braking energy recovery mode. By engaging clutch 1 and clutch 2, the energy is quickly recovered by the flywheel during braking. At the end of the energy recovery process, in order to keep the flywheel at a higher energy state, by cutting down the clutch 2 and clutch 1, the flywheel and the PGS rotate freely, respectively. 2. Stored energy output mode. By engaging clutch 1 and clutch 2, the rotation kinetic energy of the flywheel outputs by coupling with the transmission system to provide auxiliary power for the hybrid vehicle. 3. Recovered energy maintenance mode. The flywheel ESD and the vehicle do not convert the energy.
During the braking energy recovery mode and the stored energy output mode, the speed-regulating motor regulates the speed and torque of PGS continuously.
Dynamic analysis on the FESS
Speed and torque transfer characteristics of PGS. According to the flywheel hybrid system illustrated in Figure 2 , the simplified physical model is shown in Figure 3 ; the model consists of vehicle inertia simulation flywheel (hereinafter referred as the inertia flywheel), transmission system, and the flywheel ESD. The inertia flywheel simulates the kinetic energy when the vehicle starts braking by accelerating it to a certain speed. The energy conversion between inertia flywheel and ESD is conducted by controlling the electromagnetic clutch, in order to realize the overload protection during the process of energy transfer, and the transmission system adopts belt transmission. The PGS of the flywheel ESD adopts a type of single stage.
The rotational speed characteristic of single-stage planetary mechanism is satisfied
where v S is the angular speed of sun gear, v R is the angular speed of gear ring, v C is the angular speed of planet carrier, and m represents the tooth number ratio of the gear ring and the sun gear in PGS
The moment transfer characteristic of single-stage PGS is satisfied
where T S is the torque on the sun gear, T R is the torque on the gear ring, and T C is the torque on the planet carrier. Thus, when the sun gear and the planet carrier are the output and input members of the PGS, respectively, different output speed or torque can be obtained by adjusting the gear ring with speed-regulating motor.
Transfer function of FESS. Regarding the transmission system and the FESS as the research objects, respectively, the dynamic response characteristics of the energy storage flywheel during energy recovery process is discussed.
However, the dynamic characteristics of belt transmission system are complex in transmission process, assuming that the loss of angular speed and torque is caused only by the elastic slip of the belt and has a linear relationship with angular speed. [19] [20] [21] [22] Furthermore, the belt does not have cyclical variation torque, that is, the FESS does not have the alternating torque. Regardless the friction work of the electromagnetic clutch, the friction of the bearing, and the energy loss of air in the process of energy recovery, the differential equation of the transmission system is as follows
where J C, equ is the inertia moment of a PGS equivalent to a planet carrier, z is the coefficient of friction resistance for belt driving, and J ifw , v ifw are, respectively, the inertia moment and angular speed of the inertia flywheel. Furthermore, the transfer function between the angular speed of the inertia flywheel and the angular speed of the planet carrier is as follows
Therefore, we consider the FESS as a first-order system with a series combination of inertial and differential links, and the inertia time constant can be defined as T = J C, equ =J ifw . In the simplified model illustrated in Figure 3 , once engaging the clutch, the planet carrier begins to accelerate from standstill, and the angular speed gradually changes according to the exponential law, which cannot be reached to a stable value immediately, that is, there is a time lag, which is consistent with the physical meaning of the inertia link features. The angular speed loss caused by belt slippage in the transmission system is related to the angular speed difference, and we consider that it is equal to the effect that the system is added to a damper, which is the physical meaning of the characterization of the differential link. Therefore, the significance of the above-mentioned transfer function representation is consistent with the actual physical phenomena of the system. When the system reaches to a steady state, the torque on the planet carrier of PGS T C and the torque allocated to the energy storage flywheel T S satisfy equation (3) .
Analysis on energy flow and evaluation indicator

Analysis on vehicle energy flow
The energy relation during the braking energy recovery process of the electric vehicle can be analyzed by the energy flow; for a vehicle with a FESS, the relationship between power transfer and energy balance in energy recovery process is shown in Figure 4 .
Part of total output energy of the power source has to overcome some energy consumptions caused by the rolling resistance, the air resistance, and the slope of the road resistance, thus the remaining energy is converted to vehicle kinetic energy. During decelerate braking, the kinetic energy of the vehicle in addition to overcoming the tire rolling resistance, air resistance, and the ramp resistance, according to the braking requirements, all or parts of the remaining vehicle kinetic energy are delivered to the FESS through the powertrain system, and then the energy is recovered. The rest of the energy is converted to the other forms of energy, which is dissipated by the brake system. The energy recovered by FESS is stored in the form of mechanical energy and then directly be reused in the mechanical energy without any energy conversion to start or accelerate for vehicles at the next moment. Moreover, the remaining energy can be converted to electrical energy stored in the batteries as parasitic energy. 
Evaluating indicator
The energy state. The energy recovery efficiency of the flywheel ESD is the key index to evaluate the energy conversion characteristics of the flywheel hybrid system. At the same time, it is also the basis for the analysis on the influence factors of the performance for the flywheel ESD. This article proposed the evaluation index about the energy recovery efficiency of ESD based on the dynamic change characteristic analysis of energy storage flywheel which is the energy storage unit of flywheel ESD during the energy recovery process.
According to the simplified physical model of the FESS illustrated in Figure 3 , there are two units with energy storage properties in the device. One is the inertia flywheel, which simulates the initial kinetic energy of the vehicle during braking, and another is the energy storage flywheel which completes energy recovery, storage, and output. The work effect is to make the flywheel energy status changes from the change process of inertia flywheel energy state, that implies the energy transfer or conversion between the inertia flywheel and the energy storage flywheel is achieved by an interrelated mechanical transmission system. For translation objects, the kinetic energy at a certain time, that is, the energy state can be represented as follows
where E m (t) is the energy state at the time t, m is the quality of translation objects, and v(t) is the speed at the time t. For rotating objects, with the kinetic energy at a certain time, that is, the energy state can be represented as follows
where E j (t) is the energy state at time t, J is the inertia moment of rotating objects, and v(t) is the angular speed at the time t. When the vehicle decelerates on a horizontal road, the vehicle is regarded as a translational object after ignoring the moment of inertia of the wheels, the engine flywheel, and the drivetrain rotating element. In our works, it is pointed out that the inertia flywheel can transfer vehicle's translational kinetic energy to rotational kinetic energy according to the law of energy conservation, that is, the inertia flywheel was applicable to simulate the initial energy state when the vehicle starts braking.
Energy release rate. In order to reflect the energy output capability when the energy storage unit does work in the energy conversion system, we define energy release rate as evaluation index, which is the percentage of the energy state difference and the start time energy state during energy output process. In the energy recovery process, the inertia flywheel where the subscript ifw relates to is the energy output unit, and its energy release rate u ifw during energy output process can be represented as follows
where E js, ifw (t) is the start time energy state, E je, ifw (t) is the end time energy state, v e, ifw (t) is the end time angular speed, and v s, ifw (t) is the start time angular speed for the inertia flywheel. Equation (8) can reflect the energy output capacity of inertia flywheel when it does work in the FESS during the energy recovery process. That implies the vehicle's speed variation range and the work capacity for the overall recoverable energy under the condition of the FESS can be inputted energy during the vehicle energy state changing process.
Energy recovery rate. In order to reflect the energy input capacity of the energy storage unit in the energy conversion system, it is possible to define the energy recovery rate as the evaluation index, which is the percentage of the input energy state difference of energy storage unit and the external input energy during the energy recovery process of energy storage unit. Energy storage flywheel as the energy recovery storage unit where the subscript sfw relates to its energy recovery rate d sfw can be represented as follows
where E js, sfw (t) is the start time energy state, E je, sfw (t) is the end time energy state, J sfw is the inertia moment, v e, sfw (t) is the end time angular speed, and v s, sfw (t) is the start time angular speed for the energy storage flywheel.
The energy recovery capacity of the energy recovery flywheel can be obtained during the energy recovery process of FESS from equation (9) . Namely, the energy recoverable degree of the energy storage flywheel among the energy inputted from FESS can be available after the vehicle energy status changes during the vehicle braking process. This available part of the energy does not include the mechanical energy loss and other energy loss of the brake system, so this equation can reasonably reflect the energy recovery efficiency in the complete energy conversion system.
Energy conversion characteristic experiments
Test parameters
Energy losses of flywheel ESD in the energy recovery process are mainly divided into three parts: the air loss (flywheel rub with gas), the energy dissipation of motors, and the energy loss of mechanical transmission system. In order to fully research the energy recovery characteristics of flywheel ESD, the effects caused by the energy loss of the auxiliary system must be considered, such as electrical control which is necessary for the operation of the whole system. In this article, the principle verification analysis is mainly carried out according to equations (8) and (9), and we just need to acquire, respectively, the angular speed of the inertial flywheel and the energy storage flywheel in the energy conversion process. The above energy evaluation indexes will be obtained by real-time tracking and monitoring of the energy flow of energy conversion system; meanwhile, in order to obtain the energy recovery evaluation index on different speed regulation conditions, the operating parameters of the driving motor and speed-regulating motor also need to be tested. We use the multi-function tachometer with Hall sensor to obtain the angular speed under its measurement accuracy of 0.02% rdg 6 1 dgt. The motor operating parameters can be monitored and read through the inverter.
Test rig
Experiments are performed on a mechanical hybrid powertrain, mounted on a test rig, to acquire the energy conversion performance of energy storage flywheel. According to the simplified physical model of the FESS shown in Figure 3 , some appropriate instruments are selected to set up the test rig system, which is shown in Figure 5 .
Electromagnetic clutch and planetary gear ring are driven by V belt, its transmission ratio is 1.56; speedregulating motor and planetary gear ring are driven by synchronous toothed belt, and the transmission ratio is 1. The speed sensors are installed on the inertia flywheel, planet carrier, and energy storage flywheel to get the real-time angular speed. The gear ring brake friction element is symmetrically arranged along the circumference of the gear ring. The characteristic parameter of planetary mechanism in flywheel ESD is 2.22, and the dimension parameters of the inertia flywheel and the energy storage flywheel are shown in Table 1 .
Experimental procedure
The driving motor accelerates the inertia flywheel to 84 rad/s to simulate the vehicle kinetic energy at the initial moment of braking deceleration, and then the driving motor is interrupted immediately. The inertia flywheel has two kinds of deceleration modes, one is energy-release deceleration and another is no-load deceleration. It is during the no-load deceleration when the electromagnetic clutch is not engaged, the speed of the inertia flywheel decreased mainly due to air friction and transmission friction, and resulted in the kinetic energy loss. In addition, it belongs to energy release deceleration when the electromagnetic clutch is engaged, the energy storage flywheel recovered energy. No speed regulation and speed regulation experiments are carried out, respectively, under the mode of the energy release deceleration:
1. No speed regulation mode. The gear ring brake starts to work to make the gear ring lock brake before the electromagnetic clutch is engaged, and the gear ring always remains static during energy recovery process, and the gear ring brake In the speed regulation mode of regulation energy conversion characteristic experiments of the FESS, we regarded speed-regulating motor load as a constant torque load, and the speed regulation is uniform rotation after the gear ring is accelerated to a specific angular speed value. It does not require high speed control accuracy and dynamic performance during experiments, and according to the existing test conditions, the control strategy of non-speed feedback with open-loop constant voltage-frequency can meet the test requirements.
Analysis on energy conversion characteristics
Speed analysis
The angular speed change of the inertia flywheel, the energy storage flywheel, and the planetary gear ring under the different speed conditions are shown in Figure 6 . Figure 6 shows the inertia flywheel; as the energy output unit is no more accelerated at the end time of the 45 s, the angular speed starts decreasing and the inertia flywheel outputs energy to the FESS. At the same time, the angular speed of energy storage flywheel is gradually increased, and the maximum angular speed of energy storage flywheel is 119 rad/s when the gear ring is under no speed regulation mode, which did not meet the expected value of 173 rad/s according to equation (1). Since the effect caused by the resistance inertia moment of energy storage flywheel and the dynamic response characteristics of the drive system, the angular speed of energy storage flywheel cannot change suddenly from zero and there is a lag. In addition, during the starting and acceleration process of energy storage flywheel, the FESS is in the transition state of energy conversion, and the angular speed of the inertia flywheel is lost due to the elastic sliding of the belt, so the maximum angular speed of the energy storage flywheel cannot reach the expected value. Figure 7 plots the maximum angular speed of energy storage flywheel which increases gradually with the increase in speed regulation when the gear ring is under the speed regulation mode, and the average increasing rate is 13%. The maximum angular speed of energy storage flywheel reaches the expected value when the speed regulation is 45 rad/s.
The maximum angular speed of energy storage flywheel energy is accelerated from static to maximum, which is the energy recovery process. The energy recovery rate reaches to the highest with the shortest time of 5 s and considerable degree of jerk when the gear ring brakes. The energy recovery rate is basically same with different speed regulations; the time is about 10 s, and the degree of jerk can be reduced by 50%.
The torque on the gear ring acted by the speedregulating motor is smaller than that coupled with the planet carrier, and it is in the opposite direction; therefore, at the beginning of the energy recovery, the gear ring reversion area appears as shown in Figure 6 . This reversal is equivalent to the flexible braking of the gear ring, and its braking intensity is lower than the rigidity braking acted by the gear ring brake, which results in taking a long time during the energy recovery process. With the decrease in the input torque from the planet carrier, the angular speed of the gear ring gradually recovered to the initial state; in this process, the angular speed of energy storage flywheel increases rapidly and reaches its maximum value and then the energy is recovered. As shown in Figure 8 , at the end time of the energy recovery process, the lowest energy state of the inertia flywheel is gradually reduced with the improvement of gear ring speed regulation intensity under the same initial energy state. However, the highest energy state of the energy storage flywheel shows the opposite trend.
Energy state analysis
For the inertia flywheel, its angular speed decreases continuously when the gear ring speed regulation increases, and at the end time of energy releasing process, it results in the increase in the total energy release amount, that is, the increase in the energy release rate. Meanwhile, the angular speed of energy storage flywheel increases continuously at the end time of recovering energy process, and it leads to the increase in the total energy recovery amount, that is, the increase in energy recovery rate.
Energy recovery efficiency analysis
In gear ring inversion stage during energy recovery process, the input power of the planet carrier is assigned to the gear ring and the sun gear. During the angular speed of the gear ring recovering from zero to the initial adjusting speed, the power of sun gear is jointly supplied by the planet carrier and the speed-regulating motor. We can obtain the following power relation according to the energy conservation law as follows
where DE j, ifw is the release energy of inertia flywheel, U m is the output energy of speed-regulating motor, DE j, sfw is the total recovery energy of energy storage flywheel, and U loss is the energy loss in system. Ignoring the energy loss of the transmission system between the speed-regulating motor and the gear ring, let the difference of the recovered energy DE j, sfw by the energy storage flywheel and the output energy U m of speed-regulating motor be divided by the released energy of the inertia flywheel. Therefore, we can get the energy recovery rate of energy storage flywheel as formulated below
where j sfw is the energy recovery rate. The output energy of speed-regulating motor U m can be acquired according to the current, voltage, and some related motor parameters. Table 2 shows the experimental result of energy conversion characteristics of the FESS. Note that we consider the initial energy state of inertia flywheel as constant; as regulating intensity of gear ring grows, the energy release depth increases gradually. When the speed regulation adds up to 90 rad/s, the energy release rate of inertia flywheel is increased to 91%, and the energy recovery rate of energy storage flywheel is increased up to 64% correspondingly. Compared to the no speed regulation mode, the above two indicators are raised 65% and 190%, respectively, and the net energy recovery rate increases first and then tends to be at a moderate rate.
Furthermore, in order to fully obtain the variation law, we extend the speed regulation range with the increase interval of 3 rad/s, eventually complete the energy recovery experiment under different speed regulations from 15 to 90 rad/s. Figure 9 shows the variation of energy release rate, the energy recovery rate, and the net energy recovery rate.
As illustrated in Figure 9 , the energy release rate of inertia flywheel and the energy recovery rate of energy storage flywheel can be increased as speed regulation increases, and as the increment rate of energy release rate is lower than the energy recovery rate, the overall average value of the energy release rate is about 81%. We note that the net energy recovery rate tends to be a moderate value of 33% when the speed regulation exceeds 60 rad/s. This is because as the speed regulation increases, the output torque and output energy of the motor increase constantly and result in the increment of recovery energy of energy storage flywheel; although the energy recovery rate continues to improve, however, the proportion of output energy of speed-regulating motor increases accordingly among the energy recovered by the energy storage flywheel, and the net energy recovery rate no longer increases and tends to be stable. For the available equipment conditions, it may produce a little effect if we continue to improve the speed regulation. The recovery rate of the energy storage flywheel will be further improved if we can bring down the energy losses of the energy storage flywheel and the transmission system.
Conclusion
This article investigates that the most effective utilization of flywheels is in providing high power while providing just enough energy storage to accomplish the power assist mission effectively. We discuss the typical implementation of flywheel systems for hybrid vehicles with either an electrical or a mechanical powertrain, and the form of energy to and from the flywheel is the major difference. We integrate existing modes to put forward a new type of electrical flywheel hybrid system, that is, regulating the gear ring of PGS with a speedregulating motor. We also analyze the transmission characteristics of FESS and present the relationship between power transmission and energy flow in the braking process of vehicle based on the simplified physical model. We further propose the evaluation indexes of energy recovery efficiency of ESD, and experiments are performed on an electrical flywheel hybrid powertrain and mounted on a test rig to obtain the energy conversion characteristics of the flywheel ESD.
The experimental results show that energy recovery rate of energy storage flywheel can reach the maximum with taking the shortest time of 5 s when the gear ring brakes; however, the degree of jerk is larger and does not reach the expected maximum angular speed. When a small power motor is used to adjust the speed of the gear ring, energy recovery rate of energy storage flywheel is nearly the same with time consumption of 10 s, and the system degree of jerk is reduced by half, and energy storage flywheel reaches the expected maximum angular speed when the speed regulation is 45 rad/s. Under the condition of same initial energy state, as the gear ring regulation intensity grows, the energy release rate of inertia flywheel and the energy recovery rate of energy storage flywheel increase gradually, respectively, at the end of the energy recovery process. In particularly, we note that the increment of net energy recovery Figure 9 . Variation of energy release rate, net energy recovery rate, and energy recovery rate.
rate is not significant when the speed regulation is less than 30 rad/s, and the net energy recovery rate tends to a stable value of 33% once the speed regulation exceeds 60 rad/s. However, the main constraint of the net energy recovery rate for energy storage flywheel is the transmission losses, and the control problem of the fast and smooth electromagnetic clutch engagement should be considered for the power transmission. [23] [24] [25] [26] The optimal controller can form a basis for the design of a close-to-optimal, online-implementable controller, which is the subject for future work, and how to reduce the air losses is an interesting topic recommended for further investigation.
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